Abstract: Recent research has investigated the energy saving potential of regenerative suspension. However, the greenhouse gas (GHG) emission mitigation potential of regenerative suspension in battery electric vehicles (BEVs) has not been considered. Life cycle assessment (LCA) is a typical method for evaluating GHG emissions but is rarely used in vehicle control design. Here we explore the effects of regenerative suspension on reducing the GHG emissions from a BEV, whose control design considers well-to-wheels (WTW) analysis. The work first conducts the WTW analysis and modelling of the GHG emissions from a BEV equipped with regenerative suspension. Based on the models, the relation between suspension control parameters and GHG emissions is obtained. To reach a compromise between dynamic performance and environmental benefit, two types of control parameters are recommended and their switch rules during the operation are proposed. Finally, we take a case study with different driving cycles, road levels and country contexts. The results show that considering WTW analysis in control design can contribute to GHG emission mitigation, especially for countries that have a high-carbon intensity of the electricity grid. These findings provide a quantitative reference for technology path decision on regenerative suspension. This paper may provide a new insight for employing LCA in vehicle design.
Introduction
Zero exhaust emissions during the use phase are a significant advantage of battery electric vehicles (BEVs) compared with internal combustion engine vehicles. However, from a life cycle perspective, BEVs may cause serious energy and environmental issues in China [1, 2] . One of the most crucial reasons is that the Chinese electricity grid is dominated by coal power [2] . For this reason, one solution is to optimize the power structure, and another solution is to focus on the power saving during the use phase in order to decrease greenhouse gas (GHG) emissions [1] . To achieve GHG emission reduction through reducing the electricity consumption, converting kinetic energy into electrical energy is a recommendable way, such as braking energy regeneration [3] . In addition to regenerating braking energy, power regeneration from vehicle suspension is also an effective way.
Regenerative Suspension
Regenerative suspension absorbs the suspension vibration energy and converts the recovered energy into electrical energy to support the power demand of vehicles.
A great number of fundamental studies are focused on the energy benefits from vehicle suspension. Múčka quantifies the power dissipated in a damper of vehicle suspension to estimate the energy recovery potential of a passenger car more accurately [4] . Zhang et al. analyse the energy harvest potential of various types of vehicle suspension system. They find that regenerative suspension systems have a good application prospect in vehicles with large mass, relatively high driving speed, and poor driving conditions [5] . Audi's engineers conduct diverse road tests to indicate the suspension energy recovery potential of passenger cars. They find that the average regenerated power is around 150 W when the passenger car travels on German roads [6] .
Under the basic theory of suspension energy harvesting, some research regarding the design and optimization of a regenerative shock absorber has also been conducted. Karnopp first proposes a linear electromagnetic absorber consisting of moving coils with a magnetic field around them [7] . Suda et al. develop a hybrid suspension system and use a linear DC generator to recover energy from vibration [8] . Zuo et al. design an electromagnetic energy harvester and build a 1:2 scale prototype to show its ability to generate electricity under vibration [9] .
In particular, the application of a regenerative shock absorber in electric vehicles has been explored. Montazeri-Gh et al. try to apply energy-harvesting suspension to a parallel hybrid electric vehicle [10] . Shi et al. explore the influence of energy harvesting suspension on the fuel economy of a power split hybrid electric vehicle. The relations between control parameters and different suspension performances are analysed comprehensively [11] . Pham et al. provide an integrated vehicle model that simulates simultaneously the driver, powertrain, chassis, body, road conditions, vehicle dynamics and the active suspension system with or without an energy harvesting module [12] . Zhang et al. present a high-efficiency energy harvesting shock absorber employing rack and pinion with supercapacitor, in order to extend the battery cruising range of a BEV [13] .
However, previous research on regenerative suspension has not pay attention to the GHG emission reduction potential of regenerative suspension.
Life Cycle Assessment (LCA)
The GHG emissions of vehicles is typically assessed over the LCA method. There are numerous LCA research studies into electric vehicles in the literature. For instance, Hawkins et al. confirm that BEVs employing European grid electricity can potentially achieve a decrease of up to 29% in emissions compared with conventional vehicles [14] , while Qiao et al. compare the life cycle energy consumption and GHG emissions of vehicle production between battery electric and internal combustion engine vehicles in China's context, finding that the energy consumption and GHG emissions of a BEV production range are about 50% higher than those of an internal combustion engine vehicle [15] . Also, Yuan et al. estimate the energy consumption and well-to-wheels (WTW) CO 2 emissions of BEV range in China. They find that low speeds and short driving range can contribute to reducing the environmental impact [16] . Lewis et al. assess the potential of mass reduction and electrified vehicles for reducing life cycle energy and GHG emissions [17] . Zackrisson et al. identify the key issues regarding the life cycle assessment of lithium-ion batteries for plug-in hybrid electric vehicles [18] .
In addition, there are many studies concerning the use of parametric approaches to link LCA with design. Lee et al. use a parametric modelling approach to evaluate economic and environmental life cycle trade-offs of medium-duty electric trucks in comparison with nine non-electric technologies [19] . Miller et al. conduct the parametric modelling of life cycle GHG emissions from photovoltaic power and analyse the impacts of photovoltaic power developments on GHG emissions [20] . Yao et al. develop a novel parametric analysis framework to identify research development priorities of emerging technologies. They try to address the challenge of modelling the relationships between life cycle inventory data and key technical parameters in the traditional LCA method [21] . Niero et al. discuss the use of parameterisation within the life cycle inventory in the wooden pallet sector, for the purpose of testing the effectiveness of life cycle inventory parametric models to calculate the environmental impacts of similar products [22] . Previous researchers mostly employ the LCA method to evaluate consumption and emissions from vehicles and identify environmental hot-spots, but there is no consideration given to the utilization of LCA in vehicle control design.
Contribution of This Paper
From the perspective of regenerative suspension, although much research focus on its energy saving potential, its GHG emission mitigation potential is rarely considered. From the perspective of LCA, the introduction of the LCA method in the control design of regenerative suspension has not been taken into account.
To fill these research gaps, we investigate the regenerative suspension control design coupled with the LCA method and explore the GHG emission reduction potential of regenerative suspension. For the purpose of the calculation of GHG emissions, the modelling of the well-to-wheels (WTW) GHG emissions from a BEV using regenerative suspension is conducted. Based on these models, the relation between control parameters and GHG emissions is obtained, which is the point of the control design coupled with the LCA method. In order to illustrate the GHG emission reduction potential of regenerative suspension, the comparison study is carried out under different driving cycles, road levels and country contexts.
The major contribution of this work includes: (1) the control design coupled with LCA for regenerative suspension, which extends the utilization of the LCA method into the control design of vehicles for both performance and environmental benefits; (2) the investigation of GHG emission reduction potential of regenerative suspension, which confirms that regenerative suspension tends to be a new solution to reducing WTW emissions of GHG from BEVs, especially for countries that have high-carbon intensity of the electricity grid. This work provides a quantitative reference for technology path decisions on regenerative suspension.
The remainder of this paper is organized as follows. Section 2 illustrates the method for the control design of regenerative suspension coupled with LCA. In particular, the research boundary and the overall calculation method of WTW GHG emissions from a BEV using regenerative suspension are presented in Section 2.1. The modelling of vehicle specification including powertrain and regenerative suspension are proposed in Section 2.2. Based on Sections 2.1 and 2.2, the regenerative suspension control design coupled with LCA is conducted in Section 2.3. Section 3 presents research results including: the obtained control parameters of regenerative suspension in Section 3.1 and the GHG emission reduction potential of regenerative suspension in different case studies in Sections 3.2 and 3.3. Section 4 provides the discussion and concluding remarks.
Methods

Boundary and Modelling of WTW GHG Emissions
The main purpose of this paper is to explore the application of the LCA method in the control design of regenerative suspension. The impact of control design on BEV life cycle GHG emissions occurs only during the use phase. Therefore, only the use phase of the BEV life cycle is considered in this study instead of the phases including extraction of raw materials, manufacturing, distribution, maintenance and repair. In fact, a BEV emits zero exhaust emissions during the use phase, and its GHG emissions during the use phase are derived from the life cycle GHG emissions of the consumed electricity. Consequently, WTW analysis of a BEV using regenerative suspension becomes the focus of this study.
In this study GHG emissions are defined as a combination of CO 2 , CH 4 and N 2 O emissions. CO 2 , CH 4 and N 2 O emissions are converted into CO 2 equivalent (CO 2 eq), and the global warming potentials are 1, 25 and 298 [23] .
As shown in Figure 1 , the WTW GHG emissions of a BEV consist of two stages. One is upstream well-to-tank (WTT) stage (e.g., feedstock extraction, feedstock transport, electricity generation and electricity delivery), which increases GHG emissions. The other is on-road tank-to-wheels (TTW) stage (e.g., vehicle use phase). During the TTW stage, electrical energy stored in the battery is used to drive the wheels, and the recovered braking energy is stored in the battery. Meanwhile, the regenerative suspension absorbs the suspension vibration energy and converts the recovered energy into electrical energy to support the power requirements of the suspension actuator and the vehicle drive, thereby reducing the vehicle's overall power consumption and thus reducing GHG emissions. It should be noted that the recovered energy requires an energy storage system. Supercapacitors are used as energy storage systems for recovered energy due to their superior characteristics including high efficiency, long life cycle, high power density and fast charge/discharge response [24] .
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GE EC EC EF (1) where ECPowertrain (kW h) is the electricity consumption of the BEV powertrain, which also covers the electricity consumption of all auxiliary systems except the regenerative suspension. ECSus (kW h) is the electricity consumption of the regenerative suspension. EF (g CO2eq/kW h) represents the life cycle GHG emission factor of electricity. ECPowertrain (kW h) and ECSus (kW h) will be obtained in Section 2.2.
Modelling of Vehicle Specification
For the vehicle specification, this study focuses on a light-duty BEV and takes one Nissan Leaf as an example for illustration. The effects of regenerative suspension on the WTW GHG emissions from a light-duty BEV are investigated based on the models of the powertrain and regenerative suspension.
Modelling of the Powertrain
The following formulas are introduced to calculate the electricity consumption of the powertrain of each light-duty BEV (ECPowertrain). The WTW GHG emissions for each BEV using regenerative suspension GE (g) can be calculated using Equation (1) .
where EC Powertrain (kW h) is the electricity consumption of the BEV powertrain, which also covers the electricity consumption of all auxiliary systems except the regenerative suspension. EC Sus (kW h) is the electricity consumption of the regenerative suspension. EF (g CO 2 eq/kW h) represents the life cycle GHG emission factor of electricity. EC Powertrain (kW h) and EC Sus (kW h) will be obtained in Section 2.2.
Modelling of Vehicle Specification
Modelling of the Powertrain
The following formulas are introduced to calculate the electricity consumption of the powertrain of each light-duty BEV (EC Powertrain ).
First of all, the power at the wheels can be written as:
where m is the vehicle mass in (kg). a(t) = dv(t)/dt is the acceleration of the vehicle in (m/s 2 ) (a(t) takes negative values when the vehicle decelerates). g represents the gravitational acceleration. θ represents Given the power at the wheels, the electric motor power P Electric_motor (t) is calculated by Equation (3), considering the driveline efficiency η Driveline and the efficiency of the electric motor η Electric_motor .
In traction mode, the electric motor power is assumed to be positive, described as P Electric_motor_con (t). During the regenerated braking mode, the electric motor power is assumed to be negative and is calculated considering the brake regeneration efficiency (η rb ) by Equation (4) .
Referring to [25] , the regenerative brake energy efficiency η rb is computed by Equation (5).
Based on Equations (2)- (4), the electric power consumed by the powertrain P Powertrain (t) (W) can be obtained by Equation (6) .
where η Battery is the battery efficiency and P Auxiliary is the power consumed by the auxiliary systems. Given the P Powertrain (t), it is possible to compute the electricity consumption of the powertrain EC Powertrain in (kW h) using Equation (7) .
Modelling of Regenerative Suspension
This section describes the method for calculating the electricity consumption of regenerative suspension of each light-duty BEV (EC Sus ), consisting of two main steps.
Step 1: Figure out the desired active force of regenerative suspension based on the vehicle dynamic performance requirements. The point is the development of the vertical full vehicle model (see Figure 2) , comprised of kinematic equations and dynamical equations. Firstly, kinematic equations (due to the vehicle geometry) are provided. Each corner of the car is symbolized by i index, and i = [A, B, C, D] constitutes the front left, front right, rear left and rear right. Since the roll and pitch angles are small enough, the kinematic equations can be written as:
where z b (t) is the vertical displacement of the sprung mass at the centre of gravity. ϕ(t) (resp. θ(t)) is the pitch (resp. roll) angle of the sprung mass at the centre of gravity. l f , l r , t f = 
where zb (t) is the vertical displacement of the sprung mass at the centre of gravity.
is the pitch (resp. roll) angle of the sprung mass at the centre of gravity. lf, lr, Secondly, the dynamical equations are given by: 
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where mb and mwi represent the sprung mass and unsprung mass, respectively. The vehicle inertia in the x-axis (resp. y-axis) is denoted by Ix (resp. Iy ).
The vertical tyre force Fti(t) and suspension force Fsi(t) are defined as: 
F t k z t z t F t F t k z t z t (10)
where ksi and kti are the linearized suspension and tyre stiffness coefficients respectively. zwi(t) holds for the vertical displacement of the unsprung mass. zgi(t) is the vertical displacement input caused by road roughness, and in this study it is assumed that zgA(t) = zgB(t) = zgC(t) = zgD(t). The active force Fi (t) provided by the motor is written as:
F t c z t c z t (11) where cs and cg represent control parameters of velocity of sprung mass and unsprung mass, respectively. By setting the control parameters properly, a compromise between ride comfort performance and road-holding performance can be reached. Generally, cs > 0 and cg ≤ 0 are needed for the purpose of the suspension stability. Meanwhile, cg can be represented by cg = −ncs. This control Secondly, the dynamical equations are given by:
where m b and m wi represent the sprung mass and unsprung mass, respectively. The vehicle inertia in the x-axis (resp. y-axis) is denoted by I x (resp. I y ).
The vertical tyre force F ti (t) and suspension force F si (t) are defined as:
where k si and k ti are the linearized suspension and tyre stiffness coefficients respectively. z wi (t) holds for the vertical displacement of the unsprung mass. z gi (t) is the vertical displacement input caused by road roughness, and in this study it is assumed that z gA (t) = z gB (t) = z gC (t) = z gD (t). The active force F i (t) provided by the motor is written as:
where c s and c g represent control parameters of velocity of sprung mass and unsprung mass, respectively. By setting the control parameters properly, a compromise between ride comfort performance and road-holding performance can be reached. Generally, c s > 0 and c g ≤ 0 are needed for the purpose of the suspension stability. Meanwhile, c g can be represented by c g = −nc s . This control strategy provides quantitative and convenient relations between suspension control parameters and various assessment standards [11] . The road profile input used for this study is based on GB 7031-86 [26] . According to this standard, road profiles are classified into A-H to describe various road roughness levels. In this study widely used road levels A-D are selected. The classification criteria for road levels A-D are shown in Table 1 , in which G q (n 0 ) is the road roughness coefficient, and n 0 represents the spatial frequency value. The road vertical displacement input of each wheel z gi (t) can be obtained by Equation (12) [11, 27] . Step 2: Work out the electricity consumption of regenerative suspension used to provide the desired active force and the electricity recovery of regenerative suspension. Regenerative suspension can be classified into three main categories according to different working principles: hydraulic, electromagnetic and mechanical designs [13] . The electromagnetic damper is chosen in this study is the same as Reference [28] . This damper consists of a DC motor, a ball screw and a nut. The ball screw and the nut help transform the linear motion into rotary motion. The DC motor provides the active force required by the vehicle dynamic performance. Referring to Reference [28] , the induced voltage e m (t) and the output active force F i (t) of the motor can be obtained according to the following relations:
where φ is called motor constant.
(
z wi (t)) represents the suspension velocity and i(t) is the current.
The equivalent circuit of the DC motor is described by Figure 3 . To get the desired active force F i (t), the following voltage of the power source e(t) is required.
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In power consumption mode, P Sus (t) > 0 and is written as P Sus_pos (t), in which electrical energy from the battery is transformed into mechanical energy and heat. P Sus (t) = 0 represents that the motor is in break, or all mechanical energy is turned into heat without using electrical energy. In regeneration mode, P Sus (t) < 0 and is written as P Sus_neg (t), which means that a portion of the suspension vibration energy is converted into electrical energy and stored in the supercapacitor. The power transferred to the supercapacitor P Sus_reg (t) is described as:
According to Reference [28] , the efficiency of the recovery η Sus_reg = 35%, defined as the ratio of the recovered energy to the total absorbed energy. Using Equations (16, 17) it is possible to calculate the final net electric power of regenerative suspension, which is written as:
Finally, the overall electricity consumption of regenerative suspension (EC Sus ) in (kW h) can be obtained using Equation (19) .
EC Sus = 1 3, 600, 000
Control Design of Regenerative Suspension
Based on the models obtained from Sections 2.1 and 2.2, the following will describe the control design of regenerative suspension when considering WTW analysis. The block diagram of the control structure is shown in Figure 4 . Firstly, based on the model of WTW GHG emissions (Figure 1 ), Equations (11), (16) and (19) , the WTW analysis was conducted to get the relation between suspension control parameters (cs and cg) and the GHG emissions of the electricity consumed by regenerative suspension GESus (g), which is written as: Firstly, based on the model of WTW GHG emissions (Figure 1 ), Equations (11), (16) and (19) , the WTW analysis was conducted to get the relation between suspension control parameters (c s
and the GHG emissions of the electricity consumed by regenerative suspension GE Sus (g), which is written as:
Meanwhile, based on the vertical full vehicle model and Equation (11), the effects of suspension control parameters on the vehicle dynamic performance, including ride comfort and road holding, were taken into account. In order to reach a compromise among GHG emissions, ride comfort and road holding, suspension control parameters are divided into two main categories including ride comfort-based parameters (CPRC) and road holding based parameters (CPRH) (whose values are shown in the Results section).
Finally, the decision-making rules between CPRC and CPRH are discussed. The decision rules used at the beginning of this research was based on the literature [11] . The rules decided the suspension control parameters based on vehicle velocities and road levels. The different road levels are represented by the suspension deflection f d [11] . Therefore, the choice of CPRC or CPRH at the beginning were decided by vehicle velocities v and suspension deflection f d as shown in Figure 4 . The rules were extended in this study with a consideration of the switch from CPRH to CPRC (and from CPRC to CPRH) during the operation. When CPRH was switched to CPRC, it was essential to ensure the suspension deflection (less than 0.0065 m) and the vehicle velocity (less than 60 km/h) were both small enough for the purpose of guaranteeing the vehicle stability, especially in cornering. When CPRC was switched to CPRH, the switch rules during the operation were the same as the decision rules at the beginning. Also, a minimum time interval t vmin and t fmin is necessary for the retention time of vehicle velocity t v and suspension deflection t f for the purpose of preventing frequent switching and interference, for example occasional uneven road interference. Here t fmin was set for 0.3 s and t vmin was 3 s.
Results
Control Parameters of Regenerative Suspension
The following introduces the selection process of suspension control parameters c s and c g . The recommended suspension control parameters were firstly selected in the time domain according to the root mean square (RMS) values of dynamic performance indicators, including body vertical acceleration, tyre dynamic load and suspension deflection. Small body vertical acceleration means good ride comfort. Small tyre dynamic load and suspension deflection indicate good road holding performance. Then, we analysed the effects of the recommended control parameters on suspension frequency responses to determine its feasibility. Table 2 shows the vehicle model parameters required for both the suspension control parameter selection process in this section and the case study in the next sections. The model parameters concerning vehicle specification were based on Nissan Leaf. The damping coefficient of passive suspension for comparison is 1500 N s/m. In this section the car was assumed to drive on a B level road at a speed of 80 km/h in the context of China in 2016, and here EF is 834.5 g CO 2 eq/kW h adopted from Reference [15] . To estimate the improvement of the dynamic performance, the improvement index γ is written as:
where λ r is the RMS value of dynamic performance indicators from regenerative suspension, λ p is the RMS value of dynamic performance indicators from passive suspension. The passive suspension is used as a benchmark. When γ > 0, the RMS values of regenerative suspension are smaller than those of passive suspension, this means that regenerative suspension dynamic performance is improved. The baseline of dynamic performance RMS values and WTW GHG emissions from the electricity consumed by suspension is presented by Table 3 . The baseline of WTW GHG emissions was zero because there is no energy consumption in passive suspension. Figure 5 shows the relations between control parameters and different suspension performance indicators. The improvement of ride comfort is described by the negative improvement index of body vertical acceleration, as depicted in Figure 5a . Further analysis of tyre dynamic load and suspension deflection was needed to estimate the road holding performance. Figure 5b ,c shows the improvement index of tyre dynamic load and suspension deflection at the front left wheel. For environmental benefit, Figure 5d depicts the WTW GHG emissions (negative value indicates reduction) of the electricity consumed by regenerative suspension (unit: g CO 2 eq) in 10 s.
As shown in Figure 5 , high quality areas of different performance indicators vary with c s and c g (c g = −nc s ). Careful selection of c s and c g was required to achieve a good compromise among ride comfort, road holding and environmental benefit. From Figure 5a ,d, we find that small n benefitted the decrease of body vertical acceleration and WTW GHG emissions. Nevertheless, small n made a substantial increase of tyre dynamic load (Figure 5b ) and suspension deflection (Figure 5c ), which caused road holding performance deterioration and puts handling and safety at risk. Conversely, when road holding takes precedence, the control parameters cannot ensure the improvement of ride comfort and environmental benefit. reduction) of the electricity consumed by regenerative suspension (unit: g CO2eq) in 10 s.
As shown in Figure 5 , high quality areas of different performance indicators vary with cs and cg (cg = −ncs). Careful selection of cs and cg was required to achieve a good compromise among ride comfort, road holding and environmental benefit. From Figure 5a ,d, we find that small n benefitted the decrease of body vertical acceleration and WTW GHG emissions. Nevertheless, small n made a substantial increase of tyre dynamic load (Figure 5b ) and suspension deflection (Figure 5c ), which caused road holding performance deterioration and puts handling and safety at risk. Conversely, when road holding takes precedence, the control parameters cannot ensure the improvement of ride comfort and environmental benefit. Consequently, it was necessary to classify the control parameters into two categories to meet different performance requirements. When a vehicle is at low velocity range, it is acceptable that the Consequently, it was necessary to classify the control parameters into two categories to meet different performance requirements. When a vehicle is at low velocity range, it is acceptable that the increases in tyre dynamic load and suspension deflection are in a suitable limit. Small c s and n can be selected for improving ride comfort. These control parameters are also beneficial to GHG emission reduction. When the vehicle travels at high velocity range, the vehicle road holding becomes worse. The decrease of tyre dynamic load will be given priority to ensure vehicle safety. From Figure 5 , we conclude that large c s and n close to 0.5 was a more appropriate option to reconcile road-holding with ride comfort and environmental benefit. Therefore, when the control parameters were ride comfort based, c s was 2025 N s/m and n was set to be 0.32. When the control parameters were road holding based, c s and n were 3015 N s/m and 0.52, respectively.
The following paragraph explores the feasibility of the recommended control parameters in the frequency domain. The power spectrum density (PSD) of different suspension dynamic performance criteria for CPRC and CPRH was compared to the passive counterpart. From Figure 6a , we found that the magnitude of body vertical acceleration with CPRC decreased at almost all frequencies compared to that of the passive counterpart. For tyre dynamic load (Figure 6b ) and suspension deflection (Figure 6c) , the CPRC had smaller magnitudes at the frequency 1-4 Hz but larger magnitudes at the frequency around 10 Hz than passive suspension. Fortunately, the acceptable increases in suspension deflection and tyre dynamic load at the frequency around 10 Hz will not cause road holding performance to deterioration. When CPRH is employed, the magnitudes of all three dynamic performance criteria at the frequency 1-4 Hz were smaller than those of the passive suspension. In addition, at the frequency around 10 Hz, the CPRH also guaranteed results comparable to those of the passive counterpart. According to the above analysis, it can be confirmed that the selected control parameters were suitable.
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A Case Study: WLTC and C Level Road in China 2016
The following paragraphs present a specific case study using the worldwide harmonised light duty driving test cycle (WLTC) and a C level road in the context of China in 2016. The WLTC driving cycle ( Figure 7) can better serve as a real-world driving situation [35] and was selected as the input of vehicle velocity. The vertical displacement input of a C level road was obtained by combining with the WLTC driving cycle, as shown in Figure 8 . In the context of China in 2016, EF was 834.5 g CO 2 eq/kW h according to Reference [15] .
The following paragraphs present a specific case study using the worldwide harmonised light duty driving test cycle (WLTC) and a C level road in the context of China in 2016. The WLTC driving cycle (Figure 7) can better serve as a real-world driving situation [35] and was selected as the input of vehicle velocity. The vertical displacement input of a C level road was obtained by combining with the WLTC driving cycle, as shown in Figure 8 . In the context of China in 2016, EF was 834.5 g CO2eq/kW h according to Reference [15] . In this case study, the vertical acceleration of the vehicle body and tyre dynamic load, representative characteristics of ride comfort and road holding, were investigated. As described by Figure 9 , we compared the time responses of regenerative suspension to the passive counterpart. Meanwhile, the negative and positive value for mode represent the control mode using CPRC and CPRH, respectively. From Figure 9 and Table 4 , we found that ride comfort was significantly improved prior to the control mode switching. During the control mode using CPRC, a decrease of 29.33% in vehicle body vertical acceleration was realized, however, tire dynamic load increased by 30.8%. That is acceptable for low speed driving but dangerous for high speed driving. After the control mode switching, the suspension with CPRH made the road holding performance comparable to that of the passive counterpart, as well as the vehicle body vertical acceleration drop slightly. The In this case study, the vertical acceleration of the vehicle body and tyre dynamic load, representative characteristics of ride comfort and road holding, were investigated. As described by Figure 9 , we compared the time responses of regenerative suspension to the passive counterpart. Meanwhile, the negative and positive value for mode represent the control mode using CPRC and CPRH, respectively. From Figure 9 and Table 4 , we found that ride comfort was significantly improved prior to the control mode switching. During the control mode using CPRC, a decrease of 29.33% in vehicle body vertical acceleration was realized, however, tire dynamic load increased by 30.8%. That is acceptable for low speed driving but dangerous for high speed driving. After the control mode switching, the suspension with CPRH made the road holding performance comparable to that of the passive counterpart, as well as the vehicle body vertical acceleration drop slightly. In this case study, the vertical acceleration of the vehicle body and tyre dynamic load, representative characteristics of ride comfort and road holding, were investigated. As described by Figure 9 , we compared the time responses of regenerative suspension to the passive counterpart. Meanwhile, the negative and positive value for mode represent the control mode using CPRC and CPRH, respectively. From Figure 9 and Table 4 , we found that ride comfort was significantly improved prior to the control mode switching. During the control mode using CPRC, a decrease of 29.33% in vehicle body vertical acceleration was realized, however, tire dynamic load increased by 30.8%. That is acceptable for low speed driving but dangerous for high speed driving. After the control mode switching, the suspension with CPRH made the road holding performance comparable to that of the passive counterpart, as well as the vehicle body vertical acceleration drop slightly. In order to investigate the environmental benefit of the recommended suspension control parameters, we also explored the detailed power of regenerative suspension and the WTW GHG emissions of the electricity consumed by regenerative suspension. As shown in Figure 10 , negative power occupied almost all time ranges. At negative power moments, the suspension vibration energy is converted into electricity, which facilitates the reduction of GHG emissions. Figure 11 describes WTW GHG emissions from electricity consumed by regenerative suspension. For general passive suspension widely used in a light-duty BEV, the WTW GHG emissions from its energy consumption is 0 g CO 2 eq, which can be regarded as a base value. But for regenerative suspension, as shown in Figure 11 , it can help each light-duty BEV (Nissan Leaf in this study) to reduce GHG emissions up to nearly 31 g CO 2 eq (negative value means reduction) in the whole WLTC. In order to investigate the environmental benefit of the recommended suspension control parameters, we also explored the detailed power of regenerative suspension and the WTW GHG emissions of the electricity consumed by regenerative suspension. As shown in Figure 10 , negative power occupied almost all time ranges. At negative power moments, the suspension vibration energy is converted into electricity, which facilitates the reduction of GHG emissions. Figure 11 describes WTW GHG emissions from electricity consumed by regenerative suspension. For general passive suspension widely used in a light-duty BEV, the WTW GHG emissions from its energy consumption is 0 g CO2 eq, which can be regarded as a base value. But for regenerative suspension, as shown in Figure 11 , it can help each light-duty BEV (Nissan Leaf in this study) to reduce GHG emissions up to nearly 31 g CO2 eq (negative value means reduction) in the whole WLTC. 
Comparison Study of Different Cases
We also analysed the environmental benefit from the recommended suspension control parameters in more various cases besides the case in Section 3.2. These cases were generated by the combinations of different driving cycles and road levels. The driving cycles included the Urban Dynamometer Driving Schedule (UDDS), the Highway Fuel Economy Test Cycle (HWFET) and the New European Driving Cycle (NEDC) besides WLTC. The road levels included A, B, C and D.
First of all, in the context of China 2016, the cases concerning different driving cycles and road levels are discussed. The detailed combinations of driving cycles and road levels in these cases are shown in Table 5 . The results of various cases are illustrated in Figure 12 for comparison. Figure 12a describes the GHG emission reduction achieved by regenerative suspension, and Figure 12b compares the WTW GHG emissions for each light-duty BEV using regenerative suspension and each light-duty BEV using passive suspension. It was found that the GHG emission reduction caused by regenerative suspension on the A level road was much lower than that on the D level road (Figure  12a) , and there was a similar trend for the carbon mitigation benefit to the whole light-duty BEV (Figure 12b ). In addition, since WLTC has a longer driving distance than the other three kinds of driving cycles, it is reasonable to calculate the WTW GHG emission reduction per kilometre to represent the carbon mitigation benefit of regenerative suspension. On the D level road, the largest GHG emission reduction in these four kinds of road roughness inputs, the WTW GHG emission reduction per kilometre for each light-duty BEV in WLTC, UDDS, HWFET, and NEDC was 5.19 g CO2eq, 5.34 g CO2eq, 5.34 g CO2eq and 5.25 g CO2eq respectively, accounting for about 4.5% of the total GHG emissions per light-duty BEV. 
First of all, in the context of China 2016, the cases concerning different driving cycles and road levels are discussed. The detailed combinations of driving cycles and road levels in these cases are shown in Table 5 . The results of various cases are illustrated in Figure 12 for comparison. Figure 12a describes the GHG emission reduction achieved by regenerative suspension, and Figure 12b compares the WTW GHG emissions for each light-duty BEV using regenerative suspension and each light-duty BEV using passive suspension. It was found that the GHG emission reduction caused by regenerative suspension on the A level road was much lower than that on the D level road (Figure 12a) , and there was a similar trend for the carbon mitigation benefit to the whole light-duty BEV (Figure 12b ). In addition, since WLTC has a longer driving distance than the other three kinds of driving cycles, it is reasonable to calculate the WTW GHG emission reduction per kilometre to represent the carbon mitigation benefit of regenerative suspension. On the D level road, the largest GHG emission reduction in these four kinds of road roughness inputs, the WTW GHG emission reduction per kilometre for each light-duty BEV in WLTC, UDDS, HWFET, and NEDC was 5.19 g CO 2 eq, 5.34 g CO 2 eq, 5.34 g CO 2 eq and 5.25 g CO 2 eq respectively, accounting for about 4.5% of the total GHG emissions per light-duty BEV. Figure 13 shows that there was a growing trend towards the GHG emission mitigation potential (on the D level road) from Europe (2014) to Australia (2009). This was mainly due to the increase of the GHG intensity of the electricity grid from Europe's 600 g CO2eq/kW h in 2014 [36] to Australia's 1048 g CO2eq/kW h in 2009 [35] (the US in 2014: 623 g CO2eq/kW h [37] ; China in 2016: 834.5 g CO2eq/kW h [15] ). These findings demonstrate that regenerative suspension (whose control design considers WTW analysis) especially contributes to the GHG emission mitigation of the countries with high-carbon intensity power structures. 
Discussion and Conclusion
In this study, the impacts of regenerative suspension, whose control design considers WTW analysis, on WTW GHG emissions of a light-duty BEV were researched. We first analysed and modelled the WTW GHG emissions of a light-duty BEV employing regenerative suspension.
Based on the models we conducted the control design of regenerative suspension coupled with the LCA method. The effects of suspension control parameters on GHG emissions and vehicle dynamic performance were analysed, especially the relation between suspension control parameters and GHG emissions was obtained. In order to achieve the trade-off among ride comfort, road holding performance and GHG emissions, suspension control parameters were classified into two types (CPRC and CPRH). Furthermore, we extended the existing decision rules of these two types of Figure 13 shows that there was a growing trend towards the GHG emission mitigation potential (on the D level road) from Europe (2014) to Australia (2009). This was mainly due to the increase of the GHG intensity of the electricity grid from Europe's 600 g CO2eq/kW h in 2014 [36] to Australia's 1048 g CO2eq/kW h in 2009 [35] (the US in 2014: 623 g CO2eq/kW h [37] ; China in 2016: 834.5 g CO2eq/kW h [15] ). These findings demonstrate that regenerative suspension (whose control design considers WTW analysis) especially contributes to the GHG emission mitigation of the countries with high-carbon intensity power structures. 
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Based on the models we conducted the control design of regenerative suspension coupled with the LCA method. The effects of suspension control parameters on GHG emissions and vehicle dynamic performance were analysed, especially the relation between suspension control parameters and GHG emissions was obtained. In order to achieve the trade-off among ride comfort, road holding performance and GHG emissions, suspension control parameters were classified into two types (CPRC and CPRH). Furthermore, we extended the existing decision rules of these two types of Figure 13 .
WTW GHG emission reduction from regenerative suspension under different country contexts.
Based on the models we conducted the control design of regenerative suspension coupled with the LCA method. The effects of suspension control parameters on GHG emissions and vehicle dynamic performance were analysed, especially the relation between suspension control parameters and GHG emissions was obtained. In order to achieve the trade-off among ride comfort, road holding performance and GHG emissions, suspension control parameters were classified into two types (CPRC and CPRH). Furthermore, we extended the existing decision rules of these two types of control parameters with a consideration of the switch from CPRH to CPRC (and from CPRC to CPRH) during the operation.
To explore the GHG emission reduction potential of regenerative suspension, we conducted a case study. A specific case study with WLTC and a C level road in the context of China in 2016 was investigated. We found that the WTW GHG emissions from a light-duty BEV can be decreased with regenerative suspension utilized, and the ride comfort and road holding performances were also improved compared with a passive suspension. Moreover, comparison study of different cases was further conducted. We found that regenerative suspension helps to reduce the GHG emissions about 4.5% of the total GHG emissions per light-duty BEV on a D level road, and there was a growing trend towards the GHG emission mitigation potential with a rougher road and higher carbon intensity of electricity grid.
These findings extend the path to reducing GHG emissions from a BEV, confirming that using regenerative suspension in a BEV tends to be an effective way to achieve carbon mitigation. Besides China, these findings especially benefit the countries heavily dependent on coal power, such as Australia or India. In addition, considering well-to-wheels analysis in the control design of regenerative Further research is recommended to explore the impacts of regenerative suspension on GHG emissions of a BEV considering other life cycle phases, such as vehicle production. In addition, real car experiments to test the effectiveness of the control is needed. Funding: This research received no external funding.
